Little attention has been paid to the bryophytes for use in the human diet in spite of the presence of 23,000 species in the world. Some liverworts produce lipophilic terpenoids and phenolic bis-bibenzyls, possessing antimicrobial, antifungal, antiviral, cytotoxic, anti-oxidant, muscle relaxing, and antiobesity activities. In this review, the isolation, structures elucidation, bio-and total syntheses of bis-bibenzyls from several liverworts are discussed.
However, some bryological researchers have tried to eat some liverworts. Bazzania pompeana was prepared as tempura (Japanese cuisine). Such fried material was edible, and caused no illness although the strong mushroomy smell remained in the foods (Inoue, private communication). M. polymorpha was also fried with flour at 250 o C in a restaurant, and the author (YA), his wife and the chef of the restaurant ate it. The taste was very good like seagrass. Many liverworts produce hot-tasting substances, like capsaicin or a piperine, attributed to some sesquiterpene and diterpene dialdehydes are responsible. These tasty liverworts may be useful as certain spices for foods or as food additives. Thus it is considered that some liverworts have potentially important food or spice properties which can be exploited.
M. polymorpha and C. conicum are dried and crushed and the resulting powders were mixed with oil to make an ointment which reputedly heals cuts, burns and external wounds. M. polymorpha has been used as a diuretic in Europe. French liverworts were soaked with white liquor and patients drank the resulting mixture of liquor and extracts [2] .
In the literature of Chinese medicinal spore-forming plants, 24 lichens, 74 sea-algae, 22 mosses, four liverworts, 112 fungi, and 329 ferns have been listed with their Latin names, morphological characteristics, distribution locations, pharmacological activity and effects, and their prescription uses in detail [3] Several mosses and liverworts have been widely used medicinally in China, to treat burns, bruises, external wounds, snake bite, pulmonary tuberculosis, neurasthenia, fractures, convulsions, scald, uropathy, pneumonia, neurasthenia, etc. [3] .
Many species of liverworts possess characteristic fragrant odors and an intense pungent, sweet, or bitter taste. Generally, liverworts are not damaged by bacteria and fungi, insect larvae and adults, snails, slugs and other small mammals. Furthermore, some liverworts cause intense allergenic contact dermatitis and allelopathy.
Although liverworts possess such pharmacologically interesting substances, their isolation was neglected for almost a century. We have been interested in the application of liverworts for human or domestic animals uses and in the isolation and the structural elucidation of biologically active substances from liverworts and their biological assay. Since 1972, more than 850 species of liverworts collected around the world were chemically analyzed with respect to their chemistry, pharmacology, and application as cosmetropeia and as medicinal or agricultural agents [2] . The aromatic compounds which are present in the biological activities of liverworts are due to the terpenoids and oil bodies in each species [4] . Here, the isolation, structure elucidation, bio-and total synthesis of bis-bibenzyls, found in several liverworts and their biological activity were surveyed.
Isolation of bis-benzyls
The collection of Marchantia polymorpha and M. paleacea subsp. diptera is very easy in Japan. The former species (650 kg) was collected in the strawberry yard in Tokushima pref. as shown in Figure 6 and purified by 11 students for 1 month and air-dried for further two weeks.
A part of the dried mass (8.00 kg) of M. polymorpha after air-dried and ground mechanically and the resulting powders was extracted with methanol for a month to give the green extract (105g), after the solvent evaporated, followed by chromatographed on silica gel using n-hexane and ethyl acetate gradient to afford each fraction, which was purified by chromatography on Sephadex LH-20, to furnish marchantin A (1) (30.2 g), B (2) (1.03g), C (3) (0.52 g) and D-G (4-7) (trace) [5] . The latter species (140 kg) was collected in Kamiyama, in the same prefecture as that mentioned above and the same treatment of the crude extract (176 g) from the powder (6.67kg) gave marchantin A (1) (79.5g), B (2) (0.89g), C (3) (1.12g), D (4) (0.35g), E (5) (8.34g), and acyclic bis-bibenzyls, paleatin A (102 ) (0.38g) and B (103) (1.09g), respectively [5] .
The total extract from M. polymorpha collected in Duisburg, Germany contained 20% of marchantin A [7] . The spots of marchantin series does not appear on TLC plate after 30% sulfuric acid was sprayed and heated at 110 o C for a few min. However, the same TLC plate was holed with aluminum sheet and kept for one to two nights, beautiful pale red spots appeared on TLC. All the other marchantins and riccardins, as well as their analogues were treated by the same manner as described above to give each bis-bibenzyl from the different liverworts.
In Table 1 , the names of bis-bibenzyls and their connection patterns between two bibenzyls and the names of liverwort species are listed. 
Blasia pusilla
Blasia pusilla Ricciocarpos natans 86
Pusilatin Perrottetin
Paleatin A O C 14 -C 11 ′ Nardia cubclavata 103
Paleatin B O C 14 -C 11 ′ Nardia cubclavata 104 2,2′,10,10′,12,12′-Hexachloro-isoperrottetin A O C 6 -C 6 ′ Jamesoniella colorata 105
Isoperrottetin A C C 6 -C 6 ′ Radula perrottetii 106
Perrottetin E-11-methyl ether O C 6 -C 6 ′ Pellia epiphylla 107 Marchantin A (1) and its trimethyl ether (1c) are difficult to crystallize because they tightly protect water and/or solvent. To eliminate of water from these compounds, the small column packed with silica gel and dried magnesium sulfate (1:1) was prepared and each sample passed through this column to give beautiful single crystal which was suitable for X-ray analysis. In the 1 H NMR spectrum of 1, H-3′ proton appears at unusually high field (5.31). This is reasonable as the result of the paramagnetic effect of two benzene rings A and D between which H-3' is sandwiched. Riccardin A (30) which was isolated from Riccardia multifida belonging to the Metzgeriales possessed 18 membered ring whose Asakawa benzene units are connected by an ether oxygen between rings A and B, and by a biphenyl bond between the benzene rings C and D. In the 1 H NMR spectrum of riccardin A, a strongly shielded one proton doublet at 5.33 (1H) has been assigned to an inner proton H-3′ on benzene ring C which lies over the plane of benzene ring B as mentioned above. The total stereostructure of riccardin A was established by its X-ray crystallographic analysis [8] .
The same phenomenon was also seen in plagiochin A (43) obtained. from Plagiochila sciophila [7b]. In this case, H-3' appeared at 4.83. Riccardin C (32), demethyl derivative of riccardin A (30) was firstly obtained from Reboulia hemisphaerica [9] . Methylation of riccardin C gave trimethyl ether whose spectral data were identical to that of trimethyl ether from riccardin A (30). The separation of the enantiomers of isoplagiochin C (53) and isoplagiochin D (64) on a chiral phase HPLC provided enantiomers. Isoplagiochin C (53 and isoplagiochin D (64) were not obtained enantiomerically pure, but occurred in a 85:15 and 48:52 ratio, in favor of the enantiomer possessing the (P)-configuration [(P)-53 and (P)-64] at the stereochemically most stable axis as shown in Figure 8 .
Bazzania trilobata produces a number of chlorinated bis-bibenzyls (55-77) [11a-c] . This is the first report of a haloperoxidase from the liverworts [12] . Herbertus sakuraii produces not only isoplagiochin C (53) and isoplagiochin D (64) Cavicularia densa belonging to the Blasiaceae elaborated not only riccardin C (3) but also the novel optically active cyclic bisbibenzyls cavicularin (81) which is among the most unusual natural products found in the last decade [13] . The absolute structure was established by a combination of 2DNMR and X-ray crystallographic analysis as well as racemic and asymmetric total synthesis [14a-e].
The dihydrophenanthrene-bibenzyl skeleton has a highly strained structure and the benzene ring A was twisted out of the plane by 15 o in the solid state. Cavicularin has no chiral center, however, it shows the plus specific optical rotation ([] D +168.2 o ) and Cotton effects due to p-p* transition of the asymmetric aryls. This phenomenon suggests that cavicularin possesses both planar and axial chirality. Compound 104 might be formed by intramolecular phenolic oxidative coupling between C-3' and C-10' form riccardin C (3) which is coexist in C. densa. Later, two acyclic bis-bibenzyls (82, 83) possessing dihydrophenanthrene moiety were found in Frullania convolta [15] .
Blasia pusilla, belonging to the Metzgeriales, produces not only riccardin C (32) but also riccardin dimers, pusilatin A-D (84-87) [16a] . The structure of pusilatin A (84) was established by a combination of 2DNMR spectrometry of the parent compound and its hexaacetate and X-ray crystallographic analysis of the latter derivatives as shown in Figure 9 . Pusilatin E (88) and the similar bis-bibenzyl dimer (89) were found in Riccardia multifida subsp. Acyclic bis-bibenzyls have been isolated from many different liverworts, the most popular one, is perrottetin E (96) which was firstly found in Radula perrottetii [7c] . Two different types of acyclic bis-bibenzyls are glossophyllin (92) from Lethocolea glossophylla [17a] and plagilin (87) from Plagiochila deflexa [17b]. Two unique prebis-bibenzyls 1(113) and 2 (114) were isolated from Balantiopsis rosea [18] which might be formed from longispinone A (118) found in B. rosea and the three Plagiochila species, P. longispina, P. buchtiniana, and P. diversifolia [19] .
The structures of all of the other bis-bibenzyls listed in the Table 1 , were established by a combination of the 2D NMR (HMBC, HMQC, NOE) and X-ray crystallographic analysis together with simple chemical reactions as well as their total synthesis as discussed later.
Biosynthesis of bisbibenzyls
The cyclic bis-bibenzyls, such as those in the marchantin (e.g. 1) and riccardin series (e.g. 30) might be biosynthesized from bibenzyls, prelunularic acid (116) and lunularin (117) that correspond chemically to dihydrostilbenes [9] . This hypothesis was established by feeding experiments using radioactive and 13 [20a,b] . Marchantin C (3) was biosynthesized by the coupling of two lunularic acid (117) moieties, followed by the activation of a cytochrome P-450, named marchantin C hydroxylase, to afford marchantin A (1), as shown in Figure 10 ..
Total syntheses of bisbibenzyls
As the bis-bibenzyls found in liverworts possess unique chemical structures and they show interesting biological activity as indicated in the following paragraph, many macro-and acyclic bis-bibenzyls were synthesized. Up to now, the total synthesis of 32 bis-bibenzyls was reported as shown in Table 2 . Several total syntheses of selected bis-bibenzyls and cavicularin (81) were shown in Figure  11 . 
Bioactive compounds from bryophytes
The bryophytes could be explored as medicinal agents rather than in the human diet since they elaborate a number of biologically active secondary metabolites. The biological characteristics of the secondary metabolites obtained from bryophytes are: 1) characteristic scents and odors, 2) pungency and bitterness, 3) allergenic contact dermatitis, 4) cytotoxic, 5) antimicrobial, antifungal, and antiviral, 6) insect antifeedant, lethality and nematocidal, 7) superoxide anion radical release inhibitory, 8) 5-lipoxygenase, calmodulin, hyaluronidase, cyclooxygenase, DNA polymerase and -glucosidase inhibitory, 9) antioxidant, 10) piscicidal, 11) neurotrophic, 12) muscle relaxing and calcium inhibitory, 13) cardiotonic and vasopressin antagonist, 14) liver Xreceptor (LXR) agonist and LXR antagonist, 15) cathepsins B and L inhibitory, and antithrombin, 16) farnesoid X-receptor (FXR) activation, 17) nitric oxide production inhibitory, 18) plant growth inhibitory, 19) tubulin polymerization inhibitory, and 20) sex pheromones activity. In addition, antiplatelet and brine shrimp lethal activity have been observed [4, 47] .
In Table 3 , bioactive bibenzyls isolated from liverworts and their biological activity are listed.
Bis-bibenzyls from liverworts
Natural Product Communications Vol. 12 (8) 2017 1343 . In 2009, the H1N1 and H5N1 influenza A viruses caused pandemics throughout the world. Influenza A possesses an endonuclease within its RNA polymerase comprised of PA, PB1, and PB2 subunits. In order to obtain potential new anti-influenza compounds, 33 different types of phytochemicals were evaluated using a PA endonuclease inhibition assay in vitro [54] . Marchantins A (1), B (2) and E (5) inhibited influenza PA endonuclease activity at a concentration of 10 M. This was the first evidence that phytochemicals derived from liverworts could inhibit influenza A endonuclease. Marchantin A (1) induced cell growth inhibition in human MCF-7 breast cancer cells at IC 50 4.0 g/mL. Fluorescence microscopic and a Western blot analysis indicated that compound 1 induced apoptosis of MCF-7 cells through a caspase-dependent pathway. The phenolic hydroxy groups at C-1 and C-6 are responsible for inducing cytotoxic and antioxidant activity [55] . Marchantin A (1) induced a reduction in cell viability of breast cancer cell lines A256, MCF7, and T47D (IC 50 5.5, 11.5, and 15.3 M, respectively). The effect was dramatically increased in all cell lines in a synergistic manner when the Aurota-A kinase inhibits MLN8237 was added simultaneously [56] .
Cytotoxicity

Tubulin inhibitory activity
Possible modulatory effects of marchantin C (3) and permethylated derivatives on P-glycoprotein in VCR-resistant KB/VCR cells were investigated [52] . Marchantin C was the most potent inhibitor of cell proliferation in both KB and KB/VCR cells. Potent apoptosis in KB/VCR cells was induced by treatment with 16 M of dimethyl ether of marchantin C (3) and 0.2  VCR for 48 hours [52] . Marchantin C (3) also decreased invasion ability in brain cancer cells at 6-10M, and inhibited phosphorylation of ERK.MAPK signaling pathway, and 55.9% of angiogenesis at 10M in the CAM assay [57] .
Marchantin C (3) showed weak growth inhibitory activity against the P-388 cell line, with IC 50 values of 18.7g /mL [49] .
Marchantin C (3) strongly inhibited the growth of human cervical tumor xenografts in a nude mouse model and decreased the quantity of microtubules in a time-and dose-dependent manner at the G2/M phase in human glioma tumor cells and HeLa (human cervical adenocarcinoma cell line) cells at 8-16 M [58, 59] . The same compound (3) decreased the polymerization rate of gross tubulin, similar to the potent microtubule depolymerizer, vincristine, at 8-24 M. These results indicated that 3 plays the same role in microtubule depolymerization in both its apoptotic effects in the cell and antitumor activity in vivo. The structure of marchantin C (3) is distinct from the classical microtubule inhibitors like colchicine, podophyllotoxin, vinblastine, and vincristine, and it may be regarded as a potential antitumor agent for further in vivo study in more challenging antitumor models as a result of inhibiting microtubule polymerization [58, 59] . Muscle relaxing and calcium inhibitory activity Marchantin A (1) is structurally similar to bis-bibenzyl-isoquinoline alkaloids, such as d-tubocurarine, which has pharmacologically important muscle relaxant activity. Marchantin A (1) and its trimethyl ether (1c) also show muscle relaxing activity [4c, 60] . It is interesting that these macrocyclic bis-bibenzyls, possessing no nitrogen atoms, cause a concentration-dependent decrease of contraction of the rectus abdominus in frogs (RAF). Although the mechanism of action of marchantin A (1) and its methyl ether (1c) in effecting muscle relaxation is still unknown. Marchantin A and its trimethyl ether also had muscle relaxing activity in vivo in mice.
Nicotine in Ringer solution effects a maximum contraction of RAF at a concentration of 10 -6 M. After pre-incubation of marchantin A trimethyl ether (1c) (at a concentration of 2 x10 in (1) and an ortho methoxy group in (1c) contribute to the muscle relaxing activity [4c,60] . Keseru and Nogradi [61] pointed out a structural similarity between marchantin A (1) and the therapeutically important bis-bibenzyl isoquinoline alkaloid, cepharathine. They predicted that the similar therapeutic properties of 1 and cepharathine could be attributed to their binding to a common receptor. Included were antibacterial activity against Gram-negative and positive bacteria and against human H37RMycobacterium tuberculosis, M. avium, and M. noccardia, cytotoxic activity against various human and murine cancer cells, and the inhibition of 5-lipoxygenase and calmodulin. The wide range of biological activities of marchantin A (1) could also be interpreted by a mechanism of action based on calcium-ion binding [62] .
Conformational analysis of riccardin A (30) and marchantin A (1) was carried out by systematic unbounded multiple minimum search (SUMM). Mobility of the macrocyclic rings of both compounds was analyzed in a variable temperature (20-100°C) 1 H NMR study. The results indicated the restricted mobility of the macrocyclic ring of riccardin A (30) and gave further evidence for its more rigid nature in comparison to marchantin A (1). Comparing the calcium inhibitory activity of 1 and 30 (ID 50 : 1.85 and 20 g/mL) implied a reduced affinity of 30 for calcium ions, which was identical to the calculated differences in steric and electrostatic properties of 1 and 30 Thus, introduction of the biphenyl linkage to the macrocyclic ring decreased its mobility and this might be responsible for the reduction of biological activity [61 ,63] . Marchantins D 4) and E (5a) also inhibited 5-lipoxygenase (76-4% at 10 -6 M) [1a] . The following phenolic compounds showed significant cyclooxygenase inhibitory activity: marchantin A (1) (IC 50 46 .4 M), marchantin B (2) (55.9), and marchantin E (5) (58.0) [64] . Inhibitory activity against -glucosidase is associated with antiobesity and antidiabetic activity. Among the tested bis-bibenzyl, only marchantin C (3) has shown inhibitory activity against -glucosidase (52.2% at 1 mM). This activity is lower than that of 1-deoxynojirimycin (100% at 0.4 mM) [65] . 
Antitrypanosomal activity
Liver X-receptor (LXR) agonist and LXR antagonist activity
The plasma high density lipoprotein (HDL) level is inversely related to the risk of atherosclerotic cardiovascular disease. In a search for agents that increased HDL-production, riccardin C (3) and riccardin F (97) from Reboulia hemisphaerica and Blasia pusilla were shown to function as a liver X-receptor (LXR) agonist and an (LXR) antagonist, respectively. Riccardin C (3) increases the plasma HDL level without elevating triglyceride levels in mice [68] and may provide a novel tool for identifying subtype-function and for drug development against obesity. From 1.25 kg of the dried liverwort Blasia pusilla, 1 g of pure riccardin C (3) was obtained. Compound 3 also enhances cholesterol efflux from THP-1. Riccardin C (3) and its seven O-methyl derivatives, including riccardins A (1) and F (34), were synthesized. According to a preliminary structureactivity relationship study of these seven O-methylated riccardins, the three phenolic hydroxy groups of riccardin C were determined as being indispensable for binding to the LXRreceptor [34] .
Farnesoid X-receptor (FXR) receptor activation
The farnesoid X-receptor (FXR), a member of the nuclear-receptor super-family, controls the expression of critical genes in bile acid and cholesterol homeostasis. Marchantins A (1) and E (5) activated FXR in this receptor-binding assay at a high potency level, comparable to that of the most potent endogenous bile acid, chenodeoxycholic acid [69] .
Cathepsin L and cathepsin B inhibitory activity
Cathepsin L is correlated with osteoporosis [70] and allergy [71] . This laboratory is currently searching for enzyme inhibitors from natural sources to develop chemopreventive drugs for these diseases. The marchantin series showed inhibitory activity for both cathepsins L and B. Isomarchantin C (20) was the strongest inhibitor against both enzymes (95% for cathepsin L and 93% for cathepsin B at 10 -5 M) [72] .
Antioxidant activity
Marchantin A (1) also showed free-radical scavenging activity at an IC 50 of 20 g/mL) [55] . [73] concluded that marchantin H (8) is a potentially effective and versatile antioxidant, and can be used as a chaperone protecting the biomacrocyclic molecule against peroxidative damage. The formation of o-semiquinone radicals from compounds in the marchantin series was established by Schwartner et al. [74] . Using pulse radiolysis and EPR techniques, in addition to their kinetic data, these compounds were confirmed as effective antioxidants.
Nitric oxide production inhibition
Over-production of nitric oxide (NO) is involved in inflammatory response-induced tissue injury and the formation of carcinogenic Nnitrosamines [75] .
Asakawa
Large amounts of NO are expressed and generated by induced inducible nitric oxide synthase (iNOS) on stimulation of the endotoxins or cytokines involved in pathological responses. Thus, inflammatory disease can be induced by the over-production of NO by iNOS. Accordingly, finding new agents that inhibit NO production from natural sources is important in drug discovery. [76] .
Concerning the structural requirements for the potent inhibition of NO production by bis-bibenzyls, the presence of C-1, C-2' and C-14, C-11' diaryl ether bonds seems to be important in mediating this type of inhibitory activity. Compounds with C-7 and C-8 unsaturation exhibited a dramatically decreased inhibition of NO, while the introduction of a hydroxyl group at C-7' result in slightly decreased activity. The two methylated derivatives of marchantin A (1) and B (2) showed weaker activity than the parent compounds [76] .
Cardiotonic activity
Marchantin A (1) shows cardiotonic activity [increase coronary blood flow (2.5 ml/min at 0.1 mg) [4b].
Antiplatelet and antithrombin activities
Marchantiaquinone (15), obtained from Reboulia hemisphaerica, showed antiplatelet activity at a concentration of 100 g/ml [77] .
In conclusion, there are 23,000 species of bryophytes, however, ony a few percent of liverwort are studied chemically because they possess their cellar oil bodies and more than 1000 secondary metabolites which shows various biological activity were isolated from liverworts and their structures elucidated. Some mosses produce vitamin B 1 and many kinds of highly unsaturated fatty acids and lipid (triglycerides). Thus, further strategy is to focus on their secondary metabolites which could be applied as some diets to humans, domestic animals, and cultured fishes. The metabolites of liverworts could be applied to create clinical drugs because they possess some potentially important several metabolites, bis-bibenzyls such as marchantin and isoplagiochin series, which involves interference with the normal break down of microtubules during cell division of cancer cells, like clinical drug, paclitaxel and docetaxel. Marchantia polymorpha and M. paleacea subsp. diptera which produce a large amount of marchantin A and its analogues are very easy to culture in the field and green house as shown in Fig. 9 . Several liverworts produce characteristic odorous terpenoids, such as tamariscol and bicyclohumulenone, which show strong mossy note. When M. paleacea susp. diptera is cultured in the special culture medium, it starts to biosynthesize a large amount of an optical pure pellialdehyde [78] .
Some Porella species produce polygodial, a pungent sesquiterpene dialdehyde which possesses potent fish killing and ant micro-and antifungal as well as mosquito repellant activity, in high yield (30% of the total ether extract). The Cameroon Marchantia debilis extract possessed potent antimicrobial and antifungal activity. nHexane extract completely cured the skin infectious disease caused by diabetes [79] . These terpenoid and the crude extract will be possible to apply to the perfume, food additive and skin care fields.
